Size and density controlled metal nanocluster embedded metal-oxide-semiconductor structure for memory applications Metal-nanoclusters (NC), deposited by magnetron-based nanocluster source coupled with quadrupole mass filter (QMF) assembly having independent control over its size and density, are used in fabricating NC-based non-volatile memory (NVM) devices.
I. INTRODUCTION
Nanoparticle (NP)-based nonvolatile memory (NVM) devices have drawn attention of the researchers due to their better storage capacity, high scalability and fast write/erase speed. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] In the NVM devices, different nanoparticles e.g. silicon, metals, compounds are used as charge storing nodes that are sandwiched between the tunnel and barrier oxides.
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In recent days, high-κ dielectric materials are also being employed as barrier and tunnel oxides and an improvement in the memory performance is observed. 11, 12, 15, 16 Different processes and technological avenues have so far been explored to get the NPs and to control the sizes and densities due to their dependences on the charge storing properties. The major tool employed to deposit the NPs is the sputtering system. The NP diameter and density can easily be varied using this technique. Attempts have also been made to fabricate the NVM devices where the NPs of ∼ 4 nm size are grown using molecular beam epitaxy (MBE) and atomic layer deposition (ALD) techniques. 17, 18 But an independent control over the NP diameter and its number density over the surface is difficult in the sputtering and other deposition techniques. Even in tilted target configuration, a variation in the diameter of the NPs is observed. 6 The MBE and ALD techniques also suffer from the similar problem particularly for the NP sizes of ∼ 3 nm or less. 17, 18 The study of the NVM-based MOS devices with the NP sizes of ∼ 5 nm or less is very important because the NPs with diameter of < 2 nm show the Coulomb blockade effect. 19, 20 The NP-based MOS capacitors are found to show best performance with the NC density ranges from ∼ 10 11 to 10 10 cm −2 .
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So, a good control over the size and density of the NPs are required to achieve the best device performances. Further, an optimization of these parameters is also required. Very few reports are so far available wherein a simultaneous control over size and density of the NPs is found. This article describes the effect of size of the nanocluster (NC) and their densities on the storage capacities of MOS devices where the NC diameter and density are separately and precisely controlled using magnetron-based nanocluster source equipped with the quadrupole mass filter (QMF) assembly. Silver (Ag) is used here as the metal NC. The device properties namely, memory and charge storage are studied with the diameter and density of the NCs. 
II. EXPERIMENTAL
n-type Si (100) substrates with resistivity of 0.1 -0.5 Ω−cm were used to deposit 4 nm-thin HfO 2 tunneling oxide on it at 25
• C by rf magnetron sputtering. After removing the organic, metal impurities and stray oxide, the substrates were immediately loaded into the sputtering chamber. The HfO 2 deposition was then carried out in argon plasma at a constant pressure of 6.6 × 10 −3 mB using 99.99% pure HfO 2 target and 50 Watt rf power.
The grazing incidence x-ray reflectivity (GI-XRR) technique was employed to estimate the film thickness.
A nanocluster deposition unit (Oxford Applied Research; NC200U) was employed to deposit silver nanoclusters (Ag-NC) on already deposited tunnel oxide. The unit consisted of a magnetron-based sputtering system and an aggregation chamber, acted together as the nanocluster source that was coupled with a quadrupole mass filter (QMF) assembly. or an unstable path. 24 If an ac voltage with amplitude V (volts) and frequency f (kHz) was applied, the ions with a particular mass M (amu) passesd through and rest of the ions were blocked. This selected mass M is given by,
where, k is the correction factor which is of the order of unity and d is the diameter of the quadrupole rods that was ∼ 25 mm in this case. The radius of the clusters was estimated using the relation r = r ws n 1/3 , where r ws is the Wigner-Seitz radius of the material (for silver, r ws = 1.598Å) and n is the number of atoms in the cluster. 25 Molecular/atomic clusters, produced by the dc sputtering, formed a supersaturated admixture of metallic clusters (ionized and neutral). Aggregation of the sputtered molecular/atomic particles took place in the aggregation zone in the presence of Ar and He gases. The unit was so designed that when the pressure in the nanocluster source was ∼ 10 −1 mB, a vacuum of ∼ 10 −3 mB was maintained at the sample chamber. The He gas played a vital role on the cluster diameter in the aggregation zone by quickly reducing the temperature of sputtered atoms/molecules during cluster formation. Ionized clusters, formed with a log-normal size distribution depended on several source parameters. In the present work, narrow size distributions with peaks for various sizes, separated by < 0.2 nm were obtained by rigorous interplay among the different source parameters namely, magnetron power, aggregation length, process gas (Ar) and aggregation gas (He). The parameters are presented in Table- I. Even after obtaining such a narrow mass distribution, the QMF technique was employed to get the deposition of the desired sized NC with a spread of ∼ ±4%. It is to note that the NC densities of ∼ 10 12 cm −2 or more produces interference among the NCs resulting in deterioration of the storage performance. 21,22 Therefore, the study on the role of NC density on the storage performance was carried out here considering the maximum density ∼ 10 11 cm −2 . The density was varied independently by varying the deposition time.
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After obtaining a base pressure of 2.0×10 −9 mB, the Ag sputtering took place at a pressure of 1.8×10 −1 mB. For each set of deposition, the HfO 2 tunnel oxide on Si substrate was mounted in the sample chamber and an amorphous carbon laminated copper grid was placed at its adjacent vicinity for transmission electron microscopy (TEM) studies. The sample chamber pressure was maintained at 1.8×10 −3 mB. The sample holder was grounded to neutralize the ionized clusters during deposition. The deposited nanoclusters were investigated by a 300 kV TEM facility (FEI TECNAI G2 S-TWIN).
After the deposition of the NCs, the rf sputtering system was once again employed to were carried out at 1 MHz using an Agilent E4980A LCR meter. Further C −t measurements were carried out at zero gate bias condition. The gate current -voltage (I −V ) characteristics were also obtained using Keithley 4200-SCS semiconductor parameter analyzer coupled with pre-amplifiera (4200PA). All the measurements were carried out at room temperature under electrically shielded and light-tight conditions.
III. RESULTS AND DISCUSSIONS
A variation of the mass distribution in the form of cluster current is shown in Fig.   2 (a) for three deposition conditions to achieve particular NC diameters. The clustering of atoms/molecules in the form of the NCs are mandatory to get an appreciable cluster current at the output of the QMF. The QMF assembly works only if an aggregation of atoms/molecules having a definite width of size distribution, optimized after running the instrument for several times, is achieved. Any cluster diameter can be selected by fixing the corresponding V across the QMF rods and the cluster diameter may be estimated by using Eq. (1). Accordingly, the cluster diameters of 1.5, 2.0 and 3.0 nm are, respectively obtained.
The Table. I shows the source parameters for obtaining different cluster sizes ensuring a size-selected mono-dispersed deposition. The representative TEM images obtained from the concurrent deposition on amorphous carbon film, shown in Fig. 2 
IV. CONCLUSION
The dependence of size and density of Ag-NC on the charge storage characteristics of the NVM-based MOS devices are presented. The largest hysteresis loop area in the C-V characteristics is observed for a cluster density of 1 × 10 11 cm −2 . Further, largest hysteresis loop area is found for the NVM devices with the NC diameter of 1.5 nm where the cluster density is fixed at 1 × 10 11 cm −2 . The device performance has been found to be improved with a reduction of the NC size. The storage time of MOS devices also increases with the decrease in the NC diameter and performs its best for NCs with a diameter of 1.5 nm.
